Posterior decompressive techniques including one-and two-level laminotomies and laminectomies are often used in treating cervical stenosis. Previously, several in vitro studies were conducted to help us understand the biomechanical changes occurring in the cervical spine after these surgical techniques. However, changes in the intersegmental flexibility under combined flexion-extension remain unclear. In this study, a 3-D nonlinear intact model of the C2-C7 was developed to evaluate the influence of one-and two-level laminotomies and laminectomies on the intersegmental moment rotational responses and internal stresses. The intact model was validated by comparing the predicted responses against experimental data. The validated model was then modified to simulate various surgical techniques for finite element analysis. Results showed that one-and two-level laminectomies increase the C2-C7 rotation motions by about 15% and 20%, respectively. The predicted increase in rotational motions also correlated well with the published data. Furthermore, results indicated that laminectomies would influence the biomechanical responses on both the affected and adjacent motion segments. In contrast, laminotomies have no significant effects on cervical biomechanics. To conduct a one-level laminectomy study, current findings indicate that it takes at least five motion segments to capture the immediate postsurgical biomechanical changes accurately and realistically. Minimally invasive cervical spine surgeries with one-or two-level laminotomies are preferred over one-and twolevel laminectomies. Also, there is no consideration as to the efficacy of the two techniques in decompressing the spinal cord or nerve roots, which is the goal of the surgery, but is not examined in this study.
the spine during everyday activities. As people age, the ligaments of the spine become thicken and harden; this is called calcification. Bones and joints may enlarge, and bone spurs called osteophytes may form. When these conditions occur in the spinal area, they can cause the spinal canal to narrow, creating pressure on the spinal nerve. Spinal canal components that contribute to cervical stenosis include facets, ligamentum flavum, posterior longitudinal ligament, vertebral body, and the intervertebral disc. Cervical stenosis may cause pain or numbness. The pain may move from one part of the body to another but is often most noticeable in the neck. Patients experiencing pain or disability from stenosis often live a less active lifestyle (An, 1998; Dillin & Simeone, 1998; Eidelson, 2002; Ishida, Suzuki, Ohmori, Kikata, & Hattori, 1989; Whitecloud & Dunsker, 1993) .
Fortunately, cervical stenosis can be managed by surgery. Although nonsurgical treatments are becoming increasing popular, conventional dorsal techniques including laminotomy and laminectomy are often regarded as the gold standard of treatment (Epstein, 2002) . During these procedures, in order for the neurosurgeon to reach the affected nerves, it is necessary to remove either all or part of the lamina. Laminectomy involves removing the entire lamina. However, this may lead to segmental instability and kyphotic deformity (Epstein, 1988) . Therefore, laminotomy is preferred over laminectomy to preserve the stability of the cervical spine. During laminotomy only a small area of the lamina is extracted. The degree of stenosis usually determines the indication for either laminotomy or laminectomy on either one or two levels (Allen, Tencer, & Ferguson, 1987; An, 1998; Dillin & Simeone, 1998; Eidelson, 2002; Ishida et al., 1989) . Since these operations involve structural changes to the spine, it should be possible to offer biomechanical explanations for these postsurgical changes. Furthermore, the degree of instability after these surgical procedures has not been studied thoroughly.
In the past, traditional biomechanical studies have used cadavers in order to understand the behavior of the human cervical spine after different dorsal techniques (Cusick, Yoganandan, Pintar, Myklebust, & Hussain, 1988; Ding, Zhang, Jiang, et al., 1991; Goel, Clark, Harris, & Schulte, 1988; Goel, Clark, McGowan, & Goyal, 1984; Kubo, Goel, Yang, & Tajima, 2003; Raynor, Moskovich, Zidel, & Pugh, 1987; Raynor, Pugh, & Shapiro, 1985; Zdeblick, Abitbol, Kunz, McCabe, & Garfin, 1993; Zdeblick, Zou, Warden, et al., 1992) . However, changes in the biomechanical responses on the adjacent unaltered levels remain unclear. Furthermore, current in-vitro studies do not allow for measurement of internal stresses.
On the contrary, finite element models can give such results. Single vertebra, disc body segments, and whole cervical spine models have been developed to enable an understanding of the behavior of the intact, injured, and surgically altered cervical spine (Bozic, Keyak, Skinner, Bueff, & Bradford, 1994; Clausen, Goel, Traynelis, & Scifert, 1997; Gilbertson, Goel, Kong, & Clausen, 1995; Kumaresan, Yoganandan, Pintar, et al., 1997; , 2004 Yoganandan, Kumaresan, & Pintar, 2001; Yoganandan, Myklebust, Ray, & Sances, 1987) . However, comparisons on the influences of cervical biomechanics after different dorsal procedures were not examined. Furthermore, there is a lack of consensus as to the minimum number of motion segments needed to perform laminectomies accurately during in-vitro experiments.
Thus the purpose of this study was to evaluate the intersegmental rotational motions of the C2-C7 after one-and two-level laminotomies and laminectomies through analytical simulation. The inclusion of five motion segments enabled us to capture these postsurgical changes on the adjacent unaltered spinal components realistically. We believe that improved understanding on the effect of postsurgical responses would help to develop better surgical techniques for the treatment and management of the cervical spine.
Methods
An anatomically accurate 3-D finite element model of the C2-C7 (Figure 1a ) was developed from the dry cervical vertebrae of a 68-year-old man (Singapore General Hospital, Singapore). The geometrical coordinates of the dry vertebrae were acquired using a multiaxis digitizer (FaroArm, Bronze Series, Faro Technologies, Inc., Lake Mary, FL). Prior to data acquisition, the prominent cross-sections such as facets, body, etc., were determined. The captured coordinates were then processed to generate evenly spaced contours of about 1 mm in the frontal plane. The generated contours were input into the preprocessor of commercially available finite element software, ANSYS (SAS IP, Inc., Canonsburg, PA) for volume and mesh construction. The vertebral body dimensions in the finite element model correlated well (Figure 2 ) with the published anatomical data (Chua, 1999; Panjabi, Duranceau, Goel, Oxland, & Takata, 1991) . This showed that the spinal geometries used in the present study were representative of the general adult population. The bony region of the vertebrae included the cortical bone, cancellous bone, laminae, pedicles, lateral masses, endplates, transverse processes, and spinous processes.
Soft tissues were added to the finite element model using information obtained from published anatomical data (Gilad & Nissan, 1986; Kumaresan, Yoganandan, & Pintar, 1999; Maurel, Lavaste, & Skalli, 1997; Mercer & Bogduk, 1999; Oda, Panjabi, Crisco, et al., 1991; Yoganandan et al., 2001) . Intervertebral discs were formed between the vertebrae by connecting the disc to the adjacent superior and inferior surfaces of the vertebrae body. Each intervertebral disc (Figure 3) consisted of the nucleus pulposus, unconvertebral joint, annulus fibers em- bedded in a ground matrix. The anterior/posterior longitudinal ligament, ligamentum flavum, capsular, and interspinous ligament were included. Their insertion points were chosen to mimic anatomical observations as closely as possible (Goel & Clausen, 1998; Kumaresan et al., 1999; Lavaste, Skalli, Robin, Roy-Camille, & Mazel, 1992; Saito, Yamamuro, Skikata, Oka, & Tsutsumi, 1991; Yoganandan, Kumaresan, & Pintar, 2000) . The cortical bone, cancellous bone, endplates, and posterior parts of the vertebrae were simulated using eight-noded solid elements. The vertebrae body was assumed to have a cancellous core enclosed by a 0.5-mm thick cortical shell (Panjabi, Chen, Shin, & Wang, 2001a) . The annulus fibrosus of the intervertebral disc was defined as a composite material consisting of criss-crossing collagen fibers embedded in a homogeneous matrix material. The collagen fibers were modeled using tension-only nonlinear cable element, and the annulus fibrosus was defined using solid element. The disc nucleus and the unconvertebral joints lo- cated bilaterally in the intervertebral disc were modeled using eight-noded solid element with a selective reduced integration method that prevents volumetric locking in nearly incompressible cases (ANSYS, 2002) . All ligaments were incorporated into the finite element model using 3-D nonlinear tension-only spring elements. Articular posterior facet joints were simulated using 3-D nonlinear frictionless contact element.
The intact C2-C7 model ( Figure 1a ) consisted of 18,732 elements and 21,523 nodes. Material property values for each spinal component summarized in Tables  1 and 2 were adopted from the literature (Clausen et al., 1997; Kumaresan et al., 1997; , 2004 Voo et al., 1997; Yoganandan et al., 2000; . More detailed descriptions of the model development can be found in our earlier study , 2004 . The global xyz coordinate system was set with the positive y-axis acting along the posterior wall of the C2 body Disc Height (mm) pointing up; the positive x-axis was perpendicular to the y-axis pointing backward, and the positive z-axis was perpendicular to the x-and y-axes pointing left.
For validation, the present "intact" C2-C7 model was exercised under physiological loading modes of combined flexion-extension (± MZ). The inferior surface of the most inferior vertebra (C7) was fully constrained and a pure moment of up to 1.5 Nm was applied to the superior surface of the most superior vertebra (C2). Intersegmental rotational motions were obtained and compared against published results (Clausen et al., 1997; Moroney, Schultz, Miller, & Andersson, 1988; Panjabi, Crisco, Vasavada, et al., 2001b; Panjabi, Summers, Pelker, et al., 1986; Pelker, Duranceau, & Panjabi, 1991; Schulte, Clark, & Goel, 1989) . The validated intact model was then modified to simulate one-and twolevel laminotomies and laminectomies at the C4 and C5 levels. Six models were created based on the various dorsal procedures used to decompress the nerve roots (An, 1998; Dillin & Simeone, 1998; Epstein, 2003; Goel et al., 1988; Kubo et al., 2003; Zdeblick et al., 1992 ). To simulate one-level laminectomy at the C4 level (Figure 1b) , we modified the intact model by removing the entire C4 laminae and spinous process, along with the associated ligaments (spinous ligaments and ligamentum flavum). One-level laminotomy at C4 was performed by removing only part of the inferior laminae of C3 and superior laminae of C4, along with the connected ligamentum flavum. Table 2 Articulations
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Posterior facets 958 -The surgically altered models were then exercised under similar loading and boundary configurations described earlier. Finally, the intersegmental rotational motions and internal stresses in the various spinal components (disc annulus, cortical bone, cancellous bone, and endplate) were computed and analyzed. The rotations of the surgically altered models were normalized with respect to the intact models as follows:
where NR is the normalized rotational motions between the respective motion segments, R i is the rotational motions for the intact model, and R s is the rotational angle for the surgically altered models. Normalization of the results facilitated a comparison against published data (Goel et al., 1984; 1988; Kubo et al., 2003) . The stresses in the various spinal components were obtained by dividing the total von Mises stresses over the volume of the respective spinal components. The averaging of the internal stresses helped to prevent localized peak stresses at irregular vertebrae surfaces which would affect the accuracy of the predicted results. The stresses were also normalized similarly with respect to the corresponding value of the intact model. All analyses were performed using ANSYS 7.0 (SAS IP, Inc.) with geometrical, material, and contact nonlinearity options. 
Results
Validation studies on the intact model agreed reasonably well with the published results ( Figure 4 ) in combined flexion/extension. The predicted rotational motions consistently fall within the variations found in the published data. The intersegmental rotational motions were higher at the middle levels (C3-C4, C4-C5, and C5-C6) and lower at the top and bottom levels (C2-C3 and C6-C7). A summary of the predicted stresses in the various spinal components for the intact model is shown in Table 3 . Results indicated the significant influence of one-and two-level laminectomies under combined flexion/extension ( Figure 5 ). Furthermore, laminectomy performed on a single vertebra (e.g., C4) would influence the intersegmental responses at the affected levels (C3-C4 and C4-C5) significantly, while the adjacent levels (C2-C3 and C5-C6) were only slightly affected. Results also showed the slight increase in intersegmental responses after laminotomies. Overall, rotational motions of C2 with respect to C7 due to two-level removal were about 50% higher than in one-level resection. Furthermore, the relative increase in rotational motions due to laminectomies correlated well with published data (Table 4) .
Overall, significant increase in the disc annulus stresses were observed after laminectomies ( Figure 6 ). It should be noted that the disc annulus and cortical bone stresses were calculated from two regions, anterior and posterior. The predicted results correlated well with the increase in rotational motions at these levels. Although these surgical procedures involved the removal of posterior structural elements, it is interesting to note that the increase in predicted stresses at the anterior and posterior region of the disc annulus were almost identical. The cortical bone stresses increase significantly at the affected levels (C3-C4 and C4-C5) and slightly at the adjacent levels (C2-C3 and C5-C6) after laminectomies (Figure 7) . The increase in the stresses at the anterior region was consistently lower than in the posterior region. This observation was slightly different from the almost equal increase in the disc annulus stresses at both regions. Again, laminotomies did not cause any significant increase in the cortical bone stresses. Goel et al. (1984) only removed the spinous ligaments and ligamentum flavum. Generally, laminectomy performed on a single vertebra (e.g., C4) will increase the stresses (Figure 8 ) at the affected (C4) and adjacent levels (C3 and C5). Minor increases of about 2 to 4% could be seen at other levels (C2 and C6). This observation was consistent with the percentage increase in the superior and inferior endplate stresses (Figure 9 ).
Discussion
In this study, an anatomically accurate C2-C7 finite element model was developed to determine the biomechanical influence of laminotomies and laminectomies. Prior to the study, the important steps in the development of a finite element model included accurate geometry definition, material property, loading conditions, and finally, validation of the model under combined flexion/extension (Figure 4) . For the finite element model to be effective, it is desirable for the model to process high-quality representations of the geometry. The use of the multiaxis digitizer enabled us to capture the geometry of the cervical vertebrae accurately. Furthermore, the effects of geometry variation were minimized by selecting specimens that were close to the mean value of the general adult population. We made additional comparisons of the finite element model geometry with the literature. The vertebral body dimensions and intervertebral disc height correlated well with the published data (Chua, 1999; Gilad & Nissan, 1986; Panjabi et al., 1991) .
After creating the finite element model, we chose the material properties for each spinal component based on the values reported in the literature. Furthermore, a probabilistic design analysis was conducted to evaluate the effect of material variations of 13 spinal components on cervical spinal biomechanics (Ng & Teo, 2004) . Results indicated the importance of soft tissues in maintaining the stability of the cervical spine. As a logical extension, the present model was represented with a different set of complex nonlinear ligaments at different levels (C2-C5, C5-C7). Furthermore, only combined flexion/extension was considered in this study, as it was shown previously that postlaminectomy deformities occurred mainly in the sagittal plane, with rotation and lateral bending being negligible (Batzdorf & Batzdorff, 1988; Butler & Whitecloud, 1992; Mikawa, Shikata, & Yamamuro, 1987) . Finally, the C2-C7 was validated against the published data. Without validation, the accuracy of the finite element model predictions cannot be guaranteed Panjabi, 1979) . Decompression of the cervical spinal cord can be accomplished through surgical techniques such as laminotomies or laminectomies. One-or multi-level laminectomies effectively decompress the spinal cord but may cause severe spinal instability. In this regard, accurate assessment of spinal stability is an important clinical parameter. The magnitude of spinal instability dictates the necessary treatment protocol (e.g., external implant devices or surgical intervention). The mechanical nature of the instability is important in determining the best treatment technique for reducing the instability. Yasuoka et al. described the development of spinal deformities in all his patients after cervical laminectomy (Yasuoka, Peterson, Laws, & MacCarty, 1981; Yasuoka, Peterson, & MacCarty, 1982) . Mikawa noted a 14% occurrence of kyphosis after cervical laminectomy for the treatment of spodylosis (Mikawa et al., 1987) . Recently, Kaptain et al. found that up to 21% of patients who have undergone laminectomy may develop kyphosis (Kaptain, Simmons, Replogle, & Pobereskin, 2000) .
Biomechanically, the removal of the structural elements affects the motion of the segment and induces additional stresses to the remaining components of the cervical spine. However, classifications by in-vitro experiment on the flexibility effects of cervical laminectomy are still unclear. Goel et al. (1984) tested the flexibility of C4-C6 on the C1-T2 specimens with spinous ligaments and ligamentum flavum removed at the C5-C6 level. Under flexion/extension, results indicated a 25% increase in the C4-C5 and C5-C6 intersegmental rotational motions. However, changes in the multisegmental rotational motions remain unclear. Goel et al. (1988) conducted another study to investigate the changes in rotational motions of C3-C7 on the C2-T2 specimens after two-level laminectomies induced at C5 and C6. Results indicated a 10% increase in rotational motions of C3 with respect to C7 under combined flexion/extension. However, changes in the intersegmental rotational motions remain unclear. In 2003, their group tested the flexibility of C2-C7 on the C2-T1 specimens after three-level laminectomies. Results indicated a 26% (±15) increase in the rotation motions of C2 with respect to C7 under flexion/extension (Kubo et al., 2003) . However, there were no changes in the intersegmental rotational motions. Generally, the predicted results agreed reasonable well with the published data (Table 4) . Furthermore, the predicted changes in the C3-C6 rotational motions after two-level laminectomies compared well with the published data, which showed similar percentage increases in the C2-C7 rotational motions after three-level laminectomies.
In addition, the present study demonstrated the influences of one-and twolevel laminectomies on the adjacent unaltered levels, which had been overlooked by previous researchers. The influence of laminoplasty on the adjacent unaltered levels has been observed clinically (Takagi, Kawaguchi, Kanamori, Abe, & Kimura, 2002) . Therefore, in order to capture the changes in rotational motions effectively after one-level laminectomies, current results suggested the use of at least five motion segments.
Presently there is a significant interest in developing minimally invasive cervical-spinal surgical procedures to treat patients with cervical stenosis adequately while maximizing the structural preservation of the spine. In an effort to eliminate these negative aspects of conventional laminectomy, a surgical technique called laminotomy has been used (Ishida et al., 1989) . Clinical studies performed by Ishida et al. (1989) showed a smaller incidence of postsurgical spinal deformity with laminotomy as compared to laminectomy. Their findings agreed with the present results of minimal increase in the rotational motions after one-and twolevel laminotomies.
In the area of finite element study, Saito et al. (1991) used a simplified 2-D model to examine the spinal column deformity following cervical laminectomy. They found that kyphotic deformity changed gradually from swan-neck to extreme kyphotic deformity with a large curvature, and finally to a straightening deformity. However, the use of simplified geometry limits the usefulness of their results. Also, no information on the internal stresses were obtained from their analysis. Furthermore, previous in-vitro stability analysis focused on an analysis of the range of motions of intact and surgically altered cervical joints. Surgical treatments to the spinal component would then be expected to change the rotational motions under certain loading conditions. These changes in the rotational motions may affect the stresses and promote degenerative changes in the various spinal components. Therefore, although rotational motions are a valuable tool for the study of spinal stability, a sole reliance on this measure of motion quantity may produce incomplete results. Predicating the changes in rotational motions and stresses for various models (intact and surgical altered) is important for understanding the magnitude and mechanical nature of spinal instability.
Degeneration of the spine manifests itself in many ways. Osteophytes, facet degeneration, and disc degeneration are some examples. Theories of bone remodeling have shown that bony outgrowth stems from higher stresses or strain energy density (Brown, Pedersen, Gray, Brand, & Rubin, 1990; Kim, Goel, Winstein, & Lim, 1991) . The current study revealed a significant increase in the disc annulus stresses after laminectomies. Increases in the disc annulus stresses may lead to degenerative changes, altering the structural properties as an adaptation to a higher stress environment. Therefore, current results indicate that laminectomies might potentially increase the degenerative changes in the cervical intervertebral disc and promote osteophyte formation in the bony structures.
In this paper we have presented the influence of one-and two-level laminotomies and laminectomies under physiological loading conditions. Results from this study have confirmed the clinical observations that laminectomy may lead to cervical spinal instability and promote disc degeneration and osteophytes formation. Therefore, to maintain cervical stability, one-and two-level laminotomies are preferred over one-or two-level laminectomies.
